In this work, we investigated the magneto-optical response of thin films of TbPc 2 on substrates which are relevant for (spin) organic field effect transistors (SiO 2 ) or vertical spin valves (Co) in order to explore the possibility of implementing TbPc 2 in magneto-electronic devices, the functionality of which includes optical reading. The optical and magneto-optical properties of TbPc 2 thin films prepared by organic molecular beam deposition (OMBD) on silicon substrates covered with native oxide were investigated by variable angle spectroscopic ellipsometry (VASE) and magneto-optical Kerr effect (MOKE) spectroscopy at room temperature. The magneto-optical activity of the TbPc 2 films can be significantly enhanced by one to two orders of magnitude upon changing the molecular orientation (from nearly standing molecules on SiO 2 /Si substrates to nearly lying molecules on perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) templated SiO 2 /Si substrates) or by using metallic ferromagnetic substrates (Co).
Introduction
Since the discovery of terbium(III) bis(phthalocyanine) (TbPc 2 ) as the first mononuclear single molecule magnet (SMM), 1 the magnetic and electronic properties of double-decker phthalocyanines have been intensively investigated. The structural stability of the TbPc 2 molecules during thermal evaporation in vacuum made possible the investigation of the molecular arrangement, molecule-substrate interaction, as well as of the magnetic properties of TbPc 2 molecules on various non-magnetic, ferromagnetic, or antiferromagnetic substrates. 2 Besides metallic substrates, e.g., Cu(111), 3 Au(111), 4 Cu(100), 5 aluminium foil, 6 Mn films, 7 Ni films, 8, 9 Co films, 9,10 also graphene on SiO 2 substrates 11 or hexamethyldisilazane (HMDS) treated SiO 2 substrates, 12 as well as insulating substrates, such as quartz 13 and CoO 8 were already considered.
As many other representatives from the phthalocyanine family, TbPc 2 exhibits semiconducting properties and it was already successfully used as a hole transport layer in organic field effect transistors (OFETs). 12 For thin films on Co substrates hole mobility values ranging from 0. i.e. similar to the mobility values for single-decker phthalocyanines, were determined. Furthermore, thanks to the bundling of SMM and semiconducting properties, TbPc 2 is considered to be a promising material for spintronic devices. 11, 15, 16 The optical and magneto-optical properties of TbPc 2 thin films are far less investigated. TbPc 2 films (200 nm thick) were found to exhibit sizable magneto-optical activity in the UV/vis range when measured in transmission by magnetic circular dichroism (MCD). 10, 13 However, no reports on the (magneto-)optical constants of TbPc 2 exist to date. Besides being of fundamental scientific interest, knowledge of the (magneto-)optical constants, a Semiconductor Physics, Technische Universität Chemnitz, 09107 Chemnitz, under the consideration of excitonic effects, is beneficial for the design of electronic applications. On the other hand, the anisotropy of the optical constants for planar phthalocyanines can be exploited to determine the molecular orientation in ordered films.
In this work, we investigated the MOKE response of thin films of TbPc 2 on substrates, which are relevant for (spin)OFETs (SiO 2 ) or vertical spin valves (Co) in order to explore the possibility of implementing TbPc 2 in magneto-electronic devices, the functionality of which includes optical reading.
In a first step, the combination of spectroscopic ellipsometry and MOKE investigations was employed to extract the intrinsic magneto-optical response, i.e. the complete set of optical and magneto-optical constants and, accordingly, the complete dielectric tensor for TbPc 2 layers. SMM layers thinner than 100 nm were thermally evaporated onto Si substrates covered with native oxide. In a second step, we investigated the role of the substrate on the magneto-optical activity of TbPc 2 by inserting a templating molecular layer between the SiO 2 substrate and TbPc 2 . Finally, we report a strong enhancement of the TbPc 2 magneto-optical activity using a Co substrate.
Experimental
Sample preparation
0 was synthesized according to a procedure established earlier 17 and analytical data confirmed its intact structure (see Fig. S1 and S2 of the ESI †). The Si(111) substrates are covered by a native oxide layer of approximately 1.6 nm. They were cleaned by dipping in acetone, ethanol, and deionized water for 5 minutes each in an ultrasonic bath. For the film preparation a vacuum chamber with a base pressure of 3 Â 10 À7 mbar was used. The material was evaporated from a Knudsen cell kept at a temperature of about 400 1C and the maximum pressure during the deposition did not exceed 3 Â 10 À6 mbar. The substrates were kept at room temperature. The preservation of the molecular structure in the films was verified ex situ by means of Raman spectroscopy.
Optical and magneto-optical characterization
Spectroscopic ellipsometry and magneto-optical Kerr effect spectroscopy were used to characterize the optical and magnetooptical properties. The ellipsometry data were recorded using a Woollam T-solar ellipsometer in the spectral range of 0.7 eV to 5.0 eV. The WVASE32 software from Woollam 18 was used to analyze the ellipsometric spectra and to extract the optical constants and the diagonal elements of the dielectric tensor. The MOKE investigations were performed in polar geometry with a homemade setup under ambient conditions. 19 The samples were illuminated using s-polarized light at an incidence angle of about 1.31. A magnetic field of 1.7 T was applied perpendicular to the sample surface. Our modulated detection technique makes use of a photoelastic modulator and a lock-in amplifier and allows both the Kerr rotation angle and the Kerr ellipticity to be measured as a function of photon energy in the spectral range of 1.7 eV to 5.5 eV.
Morphology studies
Atomic force microscopy (AFM) measurements were performed in intermittent contact mode using a 5500 AFM from Agilent Technologies. Pure Si AFM probes with a typical tip radius of 10 nm and a nominal resonance frequency and spring constant of 60 kHz and 3 N m
À1
, respectively, were used to investigate the samples under exactly the same conditions so that a direct comparison is possible and trustworthy. The recorded data were analyzed using Gwyddion, an open source software. 20 
Magnetic characterization
Magnetic measurements were accomplished using a Quantum Design MPMS SQUID-VSM (superconducting quantum interference device -vibrating sample magnetometer 
Results and discussion
Magneto-optical characterization of TbPc 2 thin films on opaque substrates MOKE spectra of TbPc 2 recorded for films with thicknesses of (8 AE 1) nm, (31 AE 1) nm, and (62 AE 2) nm are shown in Fig. 1 (left). The red dotted lines represent the imaginary part of the complex Kerr rotation angle, which is related to the ellipticity of the light polarization state after reflection on the magnetized sample. The blue continuous lines represent the real part of the complex Kerr rotation angle, which stems from the rotation of the main axis of the polarization ellipse with respect to the direction of the linear polarization of the incident beam (see sketch in Fig. 1, right) . The prominent peak in the spectra of the thinner films at approximately 3.5 eV stems from the E 1 transition of the silicon substrate (see Fig. S3 of the ESI †), since the light penetration depth at this photon energy in TbPc 2 is about 80 nm. However, it is remarkable that a magneto-optical activity stemming from the TbPc 2 can be detected in the near-infrared and nearultraviolet for a film as thin as (8 AE 1) nm. With increasing film thickness the features below 2 eV and above 4 eV gain in intensity, which is a clear hint that they originate from optical transitions in TbPc 2 . In the complex Kerr spectra (Kerr rotation and Kerr ellipticity) of the thickest sample the two features shift and several additional features appear, which overcome in intensity the activity of the Si substrate. In order to interpret the observed spectral changes, the MOKE spectra need to be modelled under consideration of the optical constants and the magneto-optical Voigt constant of TbPc 2 .
For the determination of the optical constants and the diagonal elements of the dielectric tensor, we employed spectroscopic ellipsometry measurements performed at three angles of incidence (F = 501, 601, 701). A first attempt to fit the experimental data using isotropic optical constants was not successful. Subsequently, the experimental data were fitted assuming an uniaxial anisotropy, i.e. the optical constants in the sample plane are different from those perpendicular to it, as it is often the case for single-decker phthalocyanines. [22] [23] [24] The roughness was taken into account by introducing an additional top layer with optical constants described by the effective media approximation (EMA). Please refer to the ESI † for more details on the fitting model. The resulting optical constants, i.e. the complex refractive indices ñ = n + ik, both in the sample plane (ip) and perpendicular to it (out of plane, oop) are shown in Fig. 2 . On the left and right hand side of the figure the refractive index (real part of ñ) and the extinction coefficient k (imaginary part of ñ), respectively, are displayed. Considering that for organic semiconductors the relative magnetic permeability is m r E 1, we calculate the diagonal components of the dielectric tensor using eqn (1):
with e ii (o) being the dielectric response of the TbPc 2 film along the x, y, and z directions, respectively. Due to the uniaxial symmetry, the dielectric functions in the film plane differ from the out-of-plane (oop) one, i.e. e xx (o) = e yy (o) a e zz (o), see eqn (2):
The obtained diagonal elements of the dielectric tensor for five samples with different film thicknesses are shown in Fig. S5 and S6 of the ESI. † For describing the magneto-optical light-matter interaction the material parameter Q, the so-called Voigt constant (which is photon energy dependent) is the relevant physical quantity. When the magnetic field is perpendicular to the sample surface, along the z axis, two off-diagonal components appear in the dielectric tensor, as shown in eqn (3) 22, 25 e ¼ e xx e xy ¼ iQe xx 0
For experiments performed in transmission geometry, the MCD signal is correlated with the imaginary part of the complex Faraday rotation, Z F , and depends on the Voigt constant as shown in eqn (4):
with o being the angular frequency of the electromagnetic wave, c the velocity of light and d the film thickness. For our MOKE measurements performed in reflection, the dependence of the complex MOKE rotation
on the film thickness is more complex. This is due to the fact that the film thickness is lower than the penetration depth of light. In this case, multiple reflections appear at the air/film and film/substrate interfaces leading to interference effects. The experimental complex MOKE spectra can be, however, numerically fitted using an optical multi-layer model, requiring the knowledge of the complex refractive index, in order to extract the complex Voigt constant. 19, 26 The real and imaginary parts of the spectra obtained for the complex Voigt constant for three film thicknesses are shown in Fig. 3 . From these, the off-diagonal components of the dielectric tensor are calculated based on eqn (3) and the results are shown in Fig. S5 of the ESI. † Let us now consider the evolution of the optical and magnetooptical constants with the film thickness. The general shape of the extinction spectra shown in Fig. 2 is in very good agreement with UV/vis spectra of TbPc 2 dissolved in CH 2 Cl 2 . 27 The lowest observed energy absorption band, the so-called Q-band, consists of two oscillators at energy positions of (1.86 AE 0.02) eV and (2.00 AE 0.02) eV. They represent ligand-related p -p* optical transitions from the HOMO (highest occupied molecular orbital) to the LUMO+1 and from HOMOÀ1 to LUMO (lowest unoccupied molecular orbital). 28 The magneto-optical activity in the Q-band range is 29 This indicates that the ligand symmetry considerations that govern the selection rules of the (magneto-)-optical transitions in planar phthalocyanines remain valid also in the double-decker molecules. 29 In contrast to single-decker phthalocyanines, a small absorption band occurs around 2.6 eV, which is above the typical Q-band spectral range and below the typical B-band range of the phthalocyanines. 30 It represents electronic transitions from deeper levels to the half-occupied HOMO and it is called the BV-band (blue vibronic). 31 The magneto-optical activity of this transition is very weak compared to the other p -p* transitions in the Q-or B-bands and can only be observed in the spectrum of the thickest investigated film (62 nm). Between 3.3 eV and 4.3 eV a broad band is observed in the Q spectra, which corresponds to the B-band of the phthalocyanine ligands. It should be mentioned that the accuracy in determination of its amplitude at the low energy tail is complicated due to the partial overlap in the MOKE (see Fig. S3 of the ESI † and ref. 32 ) and ellipsometry spectra
with the E 1 transition in Si. However, the spectral shape of the Voigt constant determined for the thinnest film is in agreement with the MCD results for TbPc 2 in solution. 27 The peaks of the Voigt constant in the Q-band region are slightly red shifted (about 0.2 eV) in comparison to most singledecker phthalocyanines, e.g. CuPc. 19 The value of Q is one order of magnitude higher than for CuPc grown on silicon with native oxide. Nevertheless, the peak positions and the order of magnitude of the Voigt constant for TbPc 2 are very similar to VOPc. 19 As already shown for H 2 Pc the Voigt constant can be increased by utilizing a templating layer of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) (Fig. 3) . 33 This is related to the changed molecular orientation which will be discussed later on.
Remarkably, all features observed in the optical and in the Voigt constant spectra are sharp and intense in the case of the thinnest investigated film ((8 AE 1) nm) and become broader and decrease in magnitude with increasing thickness. The broadening might be related to an increasing strength of excitonic effects. This implies formation and growth of larger crystalline domains. Indeed, AFM topography images shown in Fig. 4 confirm that thicker films consist of larger crystallites. The lower values of the Voigt constant for thicker TbPc 2 films on SiO 2 /Si can be attributed to a small change in molecular orientation, as discussed in the next subsection.
Molecular orientation of TbPc 2 on different substrates
The optical anisotropy in molecular layers is caused by the ordering of molecules in crystalline domains. Consequently, the degree of optical anisotropy is influenced by the degree of molecular ordering and by the preferential molecular orientation. This effect was already exploited in order to calculate the average molecular tilt angles with respect to the substrate plane from VASE data for various phthalocyanines, e.g. CuPc 23 and H 2 Pc. 33 From the value of the extinction coefficient in the spectral range of the Q-band between 1.5 eV and 2.3 eV the angle between the molecular plane and the substrate plane can be estimated. 24 This approach was first used for a doubledecker phthalocyanine by Seidel et al. 34 The symmetry of the double-decker phthalocyanine molecules is reduced compared to the conventional phthalocyanines. The double-decker phthalocyanines possess only D 4d or even D 4 symmetry instead of D 4h . 35 This symmetry lowering is caused by a twisting of the two phthalocyanine skeletons with respect to each other depending on the rare earth metal. However, the selection rules, which are important for the model used for the angle determination, are still valid, namely that the Q-and B-band transitions are polarized in the xy-plane of the ligand, at least in a first approximation. 36 Assuming that all molecules adopt the same orientation in thin films, we can apply the formula typically used for planar singledecker phthalocyanines 33 to determine the average molecular orientation of the double-deckers on the substrate:
where A out /A in is the ratio between the areas under the in-plane and out-of-plane components of the extinction coefficient in the Q-band region. Table 1 shows the molecular tilt angle a for the TbPc 2 films for different thicknesses. Even though our model is only a coarse approximation, a qualitative trend of increasing molecular tilt angle with increasing film thickness is visible. This finding of nearly upright molecules holds for various oxide substrates, if we consider the literature reports to date. An overview of the molecular orientation reported on various substrates can be found in Table 2 . In all these cases, the first monolayer of the molecules, except for LSMO (La 1Àx Sr x MnO 3 ), was shown or assumed to lie flat on the substrate. These observations are in line with studies on planar phthalocyanine molecules on various metallic substrates, indicating that the interaction between the highest energetic occupied p orbital of the ligand and the substrate governs the molecular orientation of the first layer and the intermolecular interaction determines the orientation in thicker films. 37 The results of the few studies on thicker layers (100 nm and above) indicate an upright orientation of the molecules, whenever specified. On oxide substrates such as SiO 2 , ITO, and LSMO, the molecules tend to adopt a ''more upright orientation'' already at the interface to the substrate. 9, 37 For the determination of the molecular orientation reported in Table 2 synchrotron based methods, i.e. near edge X-ray absorption fine structure (NEXAFS) and/or X-ray magnetic circular dichroism (XMCD), as well as muon spin relaxation (mSR) were employed. 42 The magneto-optical response of phthalocyanines depends on the molecular orientation as well. The amplitude of the magnetooptical Kerr signal of single-decker phthalocyanines scales, in a first approximation, with the cosine of the molecular tilt angle. 33 A tilt angle of 01 corresponds here to flat lying molecules on a surface. We, therefore, expect that if the TbPc 2 molecules would lie flat on the substrate, the MOKE signal can be increased. According to previous literature reports (see Table 2 ), one possibility to grow thin films of TbPc 2 with the molecules lying parallel to the substrate plane would be to use metallic single crystal substrates. We fabricated TbPc 2 films with various thicknesses on 25 nm thick polycrystalline Co films deposited on Si covered with SiO 2 , in order to mimic a heterostructure that can be found in a spin valve. The TbPc 2 morphology and roughness is similar to that of the films grown on SiO 2 /Si, cf. ref. 14. The average tilt angle determined from ellipsometry measurements for TbPc 2 in an 18 nm thin film is ca. 111 lower than the angle obtained for a similar sample on SiO 2 /Si. However, the average tilt angle (ca. 671) for such a film thickness is still far from flat lying molecules. This can be attributed to the finite roughness of the Co films.
Another possibility to obtain lying molecules is to exploit the template effect of a thin layer of aromatic molecules that are Co was published elsewhere.
14 From the dielectric function, the complex refractive index for all investigated TbPc 2 films on Co was calculated and included in Fig. S8 of the ESI † as a function of the film thickness starting with (18 AE 1) nm. The general lineshape of the optical constants does not change significantly with the film thickness and is similar to that of TbPc 2 /SiO 2 or TbPc 2 /PTCDA. According to our ellipsometry results, the presence of a 4 nm PTCDA layer at the interface between TbPc 2 and SiO 2 /Si has a stronger effect on the molecular orientation films on PTCDA and Co, the angle a amounts to (49 AE 6)1 and (67 AE 2)1, respectively. Please note that with increasing film 46 Simulations and fitting were performed using the PHI software. thickness the templating effect on the molecular orientation decreases and finally vanishes.
Magnetic characterization
For verifying the molecular orientation revealed by optical studies SQUID-VSM investigations of a (43 AE 1) nm thick TbPc 2 film on SiO 2 /Si and of a (37 AE 2) nm thick TbPc 2 film on 4 nm PTCDA/Kapton as well as of a (2.6 AE 0.1) mg TbPc 2 powder sample were performed at nine different temperatures with the magnetic field applied parallel to the sample surface (see Fig. 6 ). For TbPc 2 /Co/SiO 2 /Si it was not possible to extract the magnetic properties of the TbPc 2 film due to the significantly higher signal from the ferromagnetic Co layer. The SMM properties of both TbPc 2 films and powder can be described by a spin Hamiltonian as illustrated in the ESI. † The hysteresis loops exhibit the typical butterfly shape up to 8 K in the case of the films (Fig. 6a) . A comparison between the hysteresis loops of the film and of the powder at 1.8 K (Fig. 6b) shows that the thin film saturates much faster than the powder sample. This can be related to a good degree of ordering of the SMMs in the films, compared to the polycrystalline powder sample. As the magnetic field is applied parallel to the film surface in this experiment, and considering that the easy axis of magnetization of TbPc 2 is perpendicular to the ligand planes, the fast saturation of the film hysteresis is consistent with the model of standing molecules in the film on SiO 2 /Si and closer to lying in the film on PTCDA (resulting from ellipsometry data analysis). The opening of the butterfly shaped hysteresis is larger in the films compared to the powder, probably due to a more pronounced tunneling probability in the powder. Such an effect was already observed on different substrates. 13, 45 Enhancing the magneto-optical response of TbPc 2
The molecular orientation of TbPc 2 has a significant effect on the magnitude of the MOKE signal. The Kerr rotation in the films grown on PTCDA (Fig. 7, left) is increased by up to one order of magnitude compared to the films on bare silicon substrates. Thanks to the signal enhancement the two Q-band transitions become distinguishable, which was not the case for the samples without any templating. It has to be mentioned that the peak at 2.6 eV can stem from the BV-band of the TbPc 2 or the Q-band absorption of the PTCDA. However, the presence of a peak at the very same energy in the spectrum of the 58 nm thick sample on Co (Fig. 7, right) suggests that it originates from the TbPc 2 layer. The MOKE signal enhancement can be simulated considering an increase in the Voigt constant of TbPc 2 (Fig. 3 , right hand side), which is consistent with a decreasing molecular tilt angle. 19 The blank Co substrate exhibits a signal of several mrad. As already observed for organic/ferromagnetic heterostructures, the thickness of the organic (dielectric) layer can modulate the magneto-optical activity of the ferromagnetic layer (see e.g. ref. 26 and references therein). The broad features of cobalt are then accompanied by sharp peaks related to the TbPc 2 transitions. For the TbPc 2 features an enhancement of the Kerr rotation by up to two orders of magnitude can be achieved compared to the films on SiO 2 /Si substrates, though the difference in molecular orientation is less than for the films on PTCDA substrates. This enhancement leads to signals of up to 60 mrad (3.41) that are easily detectable with typical magneto-optical reading heads of data storage devices. 48 
Summary
In this work we fabricated thin films (from 8 nm to 87 nm) of the SMM TbPc 2 by thermal evaporation in vacuum on several substrates, which can be regarded as model systems for organic electronic and spintronic applications. The effects of the substrate and of the increasing film thickness on the film morphology, molecular orientation, as well as on the optical and magneto-optical properties were investigated.
By combining spectroscopic ellipsometry and MOKE results, we determined for the first time the optical and magnetooptical constants of thin films of TbPc 2 . The magneto-optical Voigt constant of the films shows that the magneto-optical activity of TbPc 2 is about one order of magnitude larger than that of planar transition metal phthalocyanines. By introducing an organic templating layer of PTCDA it was possible to enhance the magneto-optical response of TbPc 2 layers by up to one order of magnitude, while by using a cobalt substrate an increase of the Kerr rotation of up to two orders of magnitude was achieved.
Our observations open new perspectives for combining magnetism and optics in devices such as spin-OFETs and spin valves. The change in the polarization state of a linearly polarized light beam reflected by an active layer of TbPc 2 might be used as a diagnosis tool for eventual electronic changes under applied electric/magnetic field in the spintronic device. On the other hand, by illuminating the TbPc 2 film in such devices with circularly polarized light of suitable photon energy, the control on the spin polarization of the electrical current might be strived for, similar to reports in inorganic spintronic devices. 49 
